Background: High-grade gliomas are primary brain tumors that have shown increasing incidence and unfavorable outcomes. Local control is crucial to the management of this pathology. Photodynamic therapy (PDT), based on the light-induced activation of a photosensitizer (PS), achieves local treatment by inducing selective lesions in tumor tissue. Objectives: Previous studies have reported the outcomes of PDT for glioblastoma via immunohistological data. Our study aimed to evaluate MRI findings, including diffusion, and perfusion sequences, compared with immunohistological data from the same population to address the efficiency of light fractionation. Materials and Methods: Twenty-six "nude" rats grafted with human U87 cells into the right putamen underwent PDT. After PS precursor (5-ALA) intake, an optical fiber was introduced into the tumor. The rats were randomized into the following groups: those without illumination and those that received two or five fractions of light. Treatment effects were assessed with early high-field MRI to measure the volume of necrosis and edema using diffusion and perfusion sequences; the MRI results were compared with immunohistology results, including necrosis and apoptosis markers. Results: Elevated diffusion values were observed on MRI in the centers of the tumors of the treated animals, especially in the 5-fraction group (P < 0.01). Perfusion was decreased around the treatment site, especially in the 5-fraction group (P ¼ 0.024). The MRI findings were consistent with previously published histological data. The median volume of necrosis was significantly different between the sham group and treated groups, 0 mm 3 versus 2.67 mm 3 , P < 0.001. The same trend was previously observed in histology data when grading the absence or presence of necrosis and when the presence of necrosis was significantly more predominant for the treated group than for the untreated group (P < 001). Additionally, cell death represented by apoptosis marker data (TUNEL method) was significantly higher in the 5-fraction group than in the 2-fraction group (P ¼ 0.01).
INTRODUCTION
Primary brain tumors are the second most common cause of cancer death in young men (20-39 years old) and the fourth most common cause of cancer in young women [1] . Currently, the incidence of high-grade glioma is greater than five per 100,000 people, and this disease leads to 3% of all cancer deaths for patients aged 35-64 years [2] . Among these tumors, glioblastoma (GBM) remains the primitive cerebral tumor (WHO grade IV) with the worst prognosis. GBM management relies on maximal resection followed by concomitant radio-chemotherapy. Nevertheless, patients harboring GBM still have poor prognoses and median survival (15 months) [3, 4] . Local control is crucial for improving progression-free and overall survival. Photodynamic therapy (PDT) using 5-aminolevulinic acid (5-ALA) might address some issues of local control. Indeed, recent studies have reported a significant increase in overall survival, of up to 4 years, in patients treated with interstitial PDT (iPDT) [5, 6] . iPDT, which consists of guiding optical fibers under stereotactic conditions to the tumor site, is particularly relevant, especially for non-resectable GBM.
After several enzymatic transformations (i.e., heme biosynthesis), 5-ALA is transformed into protoporphyrin IX (PpIX), which is the photoactive compound involved in PDT. PpIX has a broad absorption spectrum. The maximal absorption peak is in the blue region; however, 635 nm is generally considered the optimal excitation wavelength for PDT as it penetrates deeper into the tissue than other wavelengths. After PpIX is excited, the following types of reactions occur: (i) free radical production and (ii) oxidative species formation [7] . Here, the presence of oxygen is required to achieve photodynamic interactions. Thus, treatment delivery should involve tissue oxygenation to increase the therapeutic effects [8] . Fractionation (i.e., alternating the on/off period of light) might address this issue [9] . Accordingly, T etard et al. previously reported data suggesting an improvement in the PDT effect after fractionated PDT compared with continuous illumination [10] .
The main objective of our study was to evaluate how MRI contributes to the assessment of fractionated PDT delivery.
In a previous study [11] , we demonstrated that light fractionation during iPDT enhances therapeutic effects. Our previous study assessed the effects of interstitialfractionated 5-ALA PDT, using histopathological analysis, in a preclinical GBM model. In the present study, we focused on non-invasive techniques to assess the treatment outcomes. Multiparametric MRI was combined with immunohistological analyses from a previous study using the same population. High-field MRI acquisition was performed at the same time as previous experiments. In this context, diffusion and perfusion, in addition to conventional sequences including gadolinium enhancement, were investigated to assess the reliability of multiparametric MRI in iPDT, compared to histological analyses.
MATERIALS AND METHODS
The comparison was made using a histology study conducted after a specific treatment scheme in which different effects were clearly observed between two treatment protocols using two or five light fractions. Furthermore, these two groups were compared to a baseline group identified as a sham group with no illumination.
The entire protocol, including ethical considerations, the grafting procedure, and treatment delivery, was presented in a previous study [11] .
Twenty-six nude rats (phenotype Fox n1 rnu/rnu, from Charles River © , partially immuno-compromised) underwent surgical grafting. Cells with DMEM alone (5 ml containing 5 Â 10 5 human GBM U87 cells) were grafted using stereotactic conditions, which allow high precision and reproducibility. PDT was delivered under MRI guidance after 5-ALA intake. To deliver illumination, a silica optical fiber, UltraSil 272 ULS (OFS, Norcross, GA), which had an outside diameter of 350 mm and a numerical aperture of 0.29, was inserted into the brain through the cannula of the anchor at the predetermined depth (upper third of the tumor). No illumination was administered to specimens in the sham group. For the other groups, 25 J of illumination was delivered at 30 mW/cm 2 at a wavelength of 635 nm. The 2-fraction group specimens were exposed to 5 J first, and the remaining 20 J was administered after a pause of 2 minutes 30 seconds. The 5-fraction group specimens were exposed to five fractions of 5 J each, every 2 minutess 30 seconds.
Imaging Protocol
For this study, images were acquired on a 7 Tesla MRI device (Bruker © , Biospec, Ettlingen, Germany). Two types of antennae were used, depending on the configuration (i.e., image-guided therapy or diagnosis). Image-guided PDT was administered with a cylindrical transceiver antenna with a 72-mm internal diameter, while the diagnosis images were acquired with a surface antenna placed over the scalp of the animal for signal reception. During the imaging procedure, sedation was maintained using continuous isoflurane inhalation of approximately 2%, depending on the cardiac and respiratory frequencies.
MRI analyses were performed 7 days after U87 grafting to assess the engraftment. Then, MRI was repeated during the treatment and at 48-72 hours after PDT. A T2-weighted TurboRARE sequence [12] was systematically acquired in the axial plane to evaluate the geometry and position of the tumor. A T1-weighted sequence was performed routinely before and after gadolinium injection on the axial plane using the RARE type of spin echo. A perfusion sequence without contrast injection was performed before and after treatment. The arterial spin labeling (ASL) [13] method provided quantitative information on the tissue perfusion by magnetic labeling of blood entering the slice. This corresponded to the wash-in measurement. Tissue perfusion was measured on a single axial section of 850 mm thickness, located at the tumor, in units of ml/(100 g tissue/minute). Diffusion-weighted imaging (DWI) was also performed before and after treatment. This sequence provides information on the degrees of freedom of the water molecules in the tissue. In our study, image acquisition for diffusion was achieved in 3D using the Echo-planar Imaging (EPI) technique, and the coefficient was measured on a single, 850-mm thick axial slice located at the tumor and was expressed in mm 2 /second. The post-processing of MRI data for diffusion and perfusion sequences was performed using Paravision 5.1 software provided by the manufacturer (Bruker © , Biospec).
Semi-quantitative measurements were performed. Thus, diffusion and perfusion values were computed from regions of interest (ROI) placed on the tumor and contralateral to the tumor (Striatum). The ratio between these two ROIs (tumor/healthy brain) was calculated before and after treatment, such that the delta (i.e., Dd for diffusion and Dp for perfusion) could be calculated Equation (1).
Dx ¼ ratio post À ratio pre ratio pre Â 100% ð1Þ
x is the coefficient being observed according to the MRI sequence (i.e., diffusion or perfusion) ratio pre ¼ x tumor pre x striatum pre and ratio post ¼ x tumor post x striatum post and x tumorpre , x striatumpre ; x tumorpost ; and striatumpost indicate the average coefficient x (i.e., diffusion or perfusion) measured for Tumor_ROI_pre, Striatum_ROI_pre, Tumor_ROI_-post, and Striatum_ROI_post, respectively. Morphological MRI analyses were conducted with OsiriX imaging software (64-bit version 3.8.1, Pixmeo©, Geneva, Switzerland), which enabled the evaluation of the volumes of the treated tumors, as well as necrosis and peritumoral edema. The tumor volume was determined using the T1-weighted images after contrast injection. The tumor was manually delineated on each T1 gadolinium slice, and the volume was estimated according to the surface of each ROI taking into account the thickness of each slice. The volume of the peritumoral edema was segmented on T2 images. The change in the intratumoral signal on either the T2 or T1 gadolinium sequences was manually delineated to quantify necrosis.
Immunohistological Analysis
As previously reported by Leroy et al. [11] , 19 tissue samples were subjected to immunohistological analysis. The histological slices of interest were selected in the optical fiber plane. MR images were analyzed and compared with the histology results, including necrosis, apoptosis staging with the TUNEL method (ApopTag 1 Plus Peroxidase In Situ, Millipore) and edema.
Statistical Analysis
The number of subjects required was estimated to obtain a statistical power of 80% with a ¼ 5%. However, given the preliminary nature of this study and the absence of literature on this topic, other preclinical studies were used to estimate the sample size, taking into account a 10-15% loss [14] . More than 10 animals per group were estimated to be necessary.
Data are presented as the medians and interquartile ranges (IQR) (e.g., median volume measurements). Nonparametric tests were conducted due to the small sample sizes. The Wilcoxon Rank Sum test was performed to test the distribution symmetry among the samples.
The Kruskal-Wallis test was used for comparisons among more than two independent groups. The Jonckheere-Terpstra trend test was conducted (e.g., diffusion gradient or perfusion, according to the allocated treatment) to compare independent groups with ordered alternatives. Fisher's exact test was used to compare the histological findings due to the small numbers of specimens (theoretical groups <5). The data were analyzed with SAS software, version 9.3 (SAS Institute, Cary, NC).
RESULTS
The 26 specimens harbored tumors that were sufficiently large for treatment. The median tumor volume, measured from T1 MRI, was 3.7 mm 3 (range, 1.42-13). The median tumor volume did not differ significantly among the three groups (P ¼ 0.44). Two out of 26 rats died within the 72-hour interval after PDT due to cerebral herniation or hydrocephalus; thus, the post-op histopathology and MRI analysis were unachievable for them. Concerning MRI examination, 24 specimens underwent post-PDT MRI (eight examinations per group). Concerning histology, five slides could not be interpreted because of aliasing artifacts or incorrectly fixed tissue. Thus, 19 tumor slides with H&E staining from the 26 treated rats were studied (five for the 5-fraction group, seven for the 2-fraction group, and seven for the sham group).
Diffusion
Among the 26 rats, 24 benefited from pre-and posttreatment diffusion sequences. Two rats died within 72 hours after iPDT, due to intracranial hypertension (due to high tumor volumes). All Dd values are represented in Figure 1 . Median increases of 2.6% (IQR, 0.53, 5.39) in the sham group, 7.15% (IQR, À1.37, 18.1) in the 2-fraction Fig. 1 . Boxplot illustrating variations in Dd for the sham, 2-fraction, and 5-fraction groups (red marks represent the median, the size of the box is the IQR, and the minimum/maximum are indicated by black marks), the number of specimens per group is in brackets. The Jonckheere-Terpstra test result was significant, with a greater increase in Dd after PDT in the 5-fraction group (P < 0.01).
group, and 19% (IQR 9.6, 33.4) in the 5-fraction group (P < 0.01) were obtained.
Perfusion
Among the 26 treated rats, 22 benefited from pre-and post-treatment perfusion sequences. All Dp values are represented in Figure 2 . After calculating the Dp, median decreases of À23% (IQR À30.27; À15.31) in the sham group, À36% (IQR, À70.15; À3.23) in the 2-fraction group, and À61% (IQR, À69.1; À49.5) in the 5-fraction group (P ¼ 0.024) were observed.
Necrosis Volume
The median volume of necrosis was significantly different between the sham group and the treated groups, 0 mm 
Peritumoral Edema Volume
The median volume of edema was significantly different between the sham group and the treated groups, 0 mm Table 1 presents a summary of Dd, Dp, necrosis, edema and a cell death marker, which is represented here by a quantitative apoptosis marker measured using histology. As described by Leroy et al.10, this apoptosis marker was measured on slides digitized after immunohistochemistry using the TUNEL method (ApopTag 1 Plus Peroxidase In Situ, Millipore, USA). The statistical analyses revealed that this apoptosis marker was significantly increased in the 5-fraction group compared to the sham (p ¼ 0.024) and 2-fraction groups (p ¼ 0.01). Figures 3-5 show examples of the 5-fraction and 2-fraction groups compared with no illumination on the tumor and adjacent parenchyma.
DISCUSSION
The objective of this study was to assess the radiological findings by comparing the MRI data, especially the diffusion and perfusion sequences, with the histological results. MRI data were collected from the same population for which histological results had been previously reported.
A significant difference in the distribution of Dd was found among the three groups, with an orderly increase from the sham to the 2-fraction and 5-fraction groups, (P < 0.01). In the sham group, the values remained stable with a slight increase (2.6%) after treatment, whereas these values increased up to 19% in the 5-fraction group. Increased diffusion values corresponded to accelerated movement of water molecules in the voxels of the studied matrix. We propose that this variation in Dd is caused by the cell death induced by PDT, including apoptosis or necrosis. Increased diffusion after PDT was also recently observed by Toussaint et al. [15] . This group reported an increase in the progression-free survival among rats with high apparent diffusion coefficients. Toussaint et al. shared our imaging platform for their MRI. These results obtained by two separate groups using different therapeutic protocols demonstrate the validity of diffusion imaging to assess the effectiveness of PDT. A previous immunohistological study of apoptosis [11] , reported in Table 1 , also demonstrated a significant difference among the sham, 2-fraction, and 5-fraction groups (P ¼ 0.01). Additionally, the highest degree of apoptosis was found in Fig. 2 . Boxplot illustrating variations in Dp for the sham, 2-fraction, and 5-fraction groups (red marks represent the median, the size of the box is the IQR, and the minimum/maximum are indicated by black marks), the number of specimens per group is in brackets. The decrease in Dp after PDT was greater in the 5-fraction group (P ¼ 0.024). specimens from the 5-fraction group (P ¼ 0.024). This finding supports the hypothesis that the diffusion sequence can reflect cell death induced by PDT. In a study by Leroy et al. [11] , the histological analysis revealed more extensive necrosis in the treated group than in the sham group (P < 0.001), and the extent of necrosis appeared greater in the 5-fraction group than the 2-fraction group, but without a significant difference. This result corroborates the MRI data detailed here.
Regarding Dp, a significant difference was observed with an orderly decrease from the sham to the 2-fraction and 5-fraction groups (P ¼ 0.024). The decreased perfusion values reached À36% in the 2-fraction group and À61% in the 5-fraction group. Furthermore, vascular structures were no longer observed within the necrotic areas in the histological analysis, corroborating the decrease in perfusion values within the treated tumors. These results support a lesional effect of PDT on the tumor vasculature, as previously reported in the literature [7] . Yoshida et al. described post-PDT microvessel thrombosis that promoted focal ischemia, although they used Photofrin-mediated PDT, which is known to induce more vascular lesions than PpIX-mediated PDT [16] . Toussaint et al. also reported a post-PDT hypoperfusion associated with improved progression-free survival [15] . As the ROIs used the same positioning to calculate the variation in diffusion or perfusion, it was logical to also measure necrosis associated with hypoperfusion in that location. These results are similar to results obtained in human clinical studies [17, 18] .
On morphological MRI, the volume of necrosis was significantly different between the sham group and the treated groups (P < 0.01). However, no significant differences in the volume of necrosis were observed between the 2-fraction and 5-fraction groups (P ¼ 0.49). Again, the same trend was reported for the histological data previously collected for the same population; the absence/presence of necrosis was significantly more predominant for the treated group (P < 001). Furthermore, our group previously showed the superiority of fractionated illumination versus continuous illumination [19] regarding necrosis.
Similar to the histological data in which peritumoral edema was observed significantly more often in the treated groups (P ¼ 0.009), the administration of iPDT was responsible for the increased peritumoral edema estimated on the T2 images compared to the sham group (P < 0.01). The volume of peripheral edema averaged 25 mm 3 , which represented a large volume compared to the average treated tumor volume of 4.7 mm 3 . Peripheral edema has been described as the main pitfall of PDT [16, 20] . Delivering five fractions of light tended to produce a volume of edema larger than that resulting from only two fractions of light.
Based on the immunohistology data, the MRI results appeared consistent, particularly for the extent of necrosis, rarefaction of the vascular pattern in the treated area, and perilesional edema. Furthermore, variation of the diffusion coefficient, as measured pre-and postoperatively, seems to be a reliable marker of apoptosis. Consequently, diffusion and perfusion MRI might be good predictive markers of treatment efficiency for apoptosis and necrosis.
However, this preliminary study was conducted in a small number of animals, and the observations reported might form a basis for future exploratory studies to confirm the trends we observed. Additionally, no vascular staining results were provided, and staining of new vessels for vascular density (e.g., CD31) would be more suitable to correlate with the MRI results. Therefore, these MRI methods should be further explored in additional preclinical studies of survival to assess whether they might be useful as prognosis factors after administration of PDT.
CONCLUSION
A previous study reported that fractionated interstitial 5-ALA PDT induces targeted tumor lesions [19] . The primary effects included necrosis, apoptosis, and reduced central tumor vascularization, as confirmed by immunohistology. In the current study, we observed that diffusion and perfusion sequences accurately assess the treatment effects. Indeed, diffusion was a relevant marker of cell death, and perfusion robustly described the level of necrosis. The 5-fraction protocol was associated with a higher Dd and a lower Dp. This finding corroborates our previous histological findings depicting an improved lesional effect of the 5-fraction scheme compared with the 2-fraction protocol [11] . As expected, T2 MRI was clearly confirmed to be a precise peritumoral edema estimator. These sequences could be used to non-invasively predict the histological lesions induced by iPDT and facilitate patient monitoring.
Finally, despite the use of the same cohort for histological and MRI analyses, the results were based only on a comparison of group averages rather than a spatially resolved analysis. At this early stage, a spatially resolved analysis remains difficult to achieve because of image registration issues, such as different spatial resolution and 3D images from MRI versus 2D images from histology, which might have interfered with the final results. However, such a spatially resolved analysis is critically necessary to support our results and is the aim of a future study.
